A stereochemical investigation, by circular dichroism, of a synthetic nonapeptide (cyclolinopeptide A) in several organic and organic-sulfuric acid solvents is presented. From this examination, and results found for a conformationally rigid model compound, 1,7,7-trimethyl-3-azabicyclo 12.2.11 heptan-2-one(camphorolactam), it is concluded that cyclolinopeptide A may exist in several conformations in solution. None of these conformations is believed to be stabilized by intramolecular hydrogen bonds. Some details on an x-ray analysis of the cyclic nonapeptide are also presented.
Cyclic peptides, such as diketopiperazines and larger ring structures, are conformationally constrained with respect to their acyclic analogs. In earlier reports, we demonstrated that L-alanine diketopiperazine (1) and amino caprolactam (2) form highly flexible rings. We believe that this flexibility is a consequence of small variations in the bond angles coupled with large deformations of internal rotation angles, rather than the result of unrestricted conformational transitions.
During the past few years, several attempts were made to elucidate the conformation in solution of various naturally occurring and synthetic cyclic peptides (3) (4) (5) . For the most part, these investigations (6-8) used a combination of conformational energy calculations and high resolution nuclear magnetic resonance (NMR) techniques and met with significant success. In contrast, unambiguous stereochemical assignments have not been possible when circular dichroic spectra (CD) alone were employed to study the conformations of these materials. It is obvious that the examination of cyclic or linear peptides that contain various amino acid residues by CD is hampered by two fundamental problems. First, it is difficult to discern the contribution of individual chromophores to the observed Cotton effect. Therefore, unlike NMR, this technique does not give detailed information about the stereochemistry of a given amino acid residue. Second, it is often difficult to determine whether changes in the spectral patterns from solvent to solvent are related to conformational variations, specific solvation effects, or a combination of both. This latter difficulty is also encountered in NMR investigations when chemical shifts are examined as a function of the * Shortly before his death, Prof. F. Weygand sent us a sample of a synthetic cyclic nonapeptide, cyclolinopeptide A (9), for stereochemical analysis. We undertook to examine its conformation by CD, NMR (10) , and conformational energy calculations (11) Joseph Falcetta, as previously described (12) . All solvents used were obtained in the highest purity available and were used without further purification. Circular dichroism studies were done on a Cary 60 spectropolarimeter, modified with a model 6001 circular dichroism attachment. The experimental solutions were prepared by weighing the desired sample into a volumetric flask and adding the desired solvents. The studies, performed in trifluoroethanol-1% H2SO4 mixtures, were conducted by first dissolving the compound in CF3CH20H. Concentrated sulfuric acid (36 N) was then added and the resulting solution was stirred for 20-30 min to ensure equilibrium. A similar technique was utilized for CF3CH20H-2.5% H2S04 mixtures. The spectra were obtained using 0.1-mm and 0.5-mm (path length) cells. Dry, purified nitrogen was used to purge the instrument before and during the experiments. All spectra were recorded at ambient temperature (about 250C).
RESULTS AND DISCUSSION
The NMR and calculation studies give evidence that cyclolinopeptide A may exist in more than one stable conformation. In order to determine whether these different conformations could be detected by CD, we examined this nonapeptide in several organic solvents and mixed organic-sulfuric acid media ( Figs. 1 and 2 ). The CD spectrum of the cyclic peptide is similar in the three organic solvents studied. We believe that the trough centered between 200 and 205 nm has its origin in the r T* transitions of the amide and imide chromophores.
The Cotton effects appearing in the 215-225 region may be associated with the n --Tr* transition of the peptide residues. CFsCHOHCFa; -, (CHa)3PO4; -CF3CH20H.
As may be seen in Fig. 2 , the addition of 2.5% H2S04 to a solution of the linopeptide in CF3CH20H causes a significant change in the spectral patterns.
As mentioned earlier, it is often difficult to determine whether changes in CD spectral patterns in different solvents are due to stereochemical variations or specific solvent effects. This is especially true when the molecule in question contains numerous amino acid residues of different chemical structure. Recent studies, however, have indicated that large changes in the spectral patterns may result without gross conformational alterations. Schellman and Madison (13) found that solvent shifts of the position of the amide Tr -T* and nl --2r* Cotton effects can be explained in terms of polarity changes in the solvent medium. Because of the flexibility of the model compounds used in this study, however, it was difficult to completely rule out structural changes.
We investigated the effect of different solvents on the CD patterns of 1,7,7-trimethyl-3-azabicyclo [2.2.1 ]heptan-2-one (2) . In this molecule, the amide chromophore is incorporated into a bicyclic ring system and, except for minor bond oscillations, it can be considered as conformationally rigid. Nevertheless, we observed significant differences in the CD patterns in various solvents. All spectral shifts were explainable in terms of changes in solvent polarity. In a continuation of the above work, we studied the effect of high concentrations of salt and sulfuric acid on the CD patterns of the bicyclic lactam. Both salt and acid have been observed to alter the conformation of helical peptides and proteins, causing transitions to less ordered species. In addition, we believed that knowledge of the effect of small amounts of acid on this simple amide model would be useful in our interpretation of similar studies on cyclolinopeptide-A. Fig. 3 presents the effect of 6 M CaCl2 on the spectral patterns of the bicyclic lactam. Except for a minor blue shift (about 2 nm) in the position of the nj -k xr* transition, the spectra are almost identical in water and 6 M CaCl2. This finding agrees with the report (2) that the optical rotatory dispersion spectrum (ORD) of the camphorolactam is the same in water and 8 M urea. Both results suggest that the changes in the ORD and CD patterns of proteins and polypeptides in these solvents are caused by conformational transitions and not by specific solvent interactions with the amide chromophore. In contrast, the addition of extremely small amounts of sulfuric acid to a solution of the lactam in CF3-CH20H causes a marked change in the spectral patterns. As may be seen in Fig. 4 , addition of 0.1% H2SO4 causes the 212-nm trough and the 189-nm peak to merge into one broad band, centered at 204 nm, with a significant loss of intensity. Increase of the acid concentration to 1% results in a blue shift of the minimum to 195 nm. Except for a slight decrease in ellipticity, the spectral patterns remain unaffected by further addition of H2SO4. We believe that the changes in the CD of the camphorolactam are caused by protonation of the amide chromophore. Such protonation causes a loss of the n1 -* transition with the accompanying spectral changes. The fact that marked changes in the CD pattern are observed at a ratio of solute to H2SO4 of about 1:1 gives evidence that the amide group of the bicyclic lactam is very accessible and protonates readily in this solvent. We have no explanation for the apparent change of sign of the r -r* transitions caused by the addition of sulfuric acid. However, we can state that the enormous variation in the CD pattern for the camphorolactam in the presence of sulfuric acid occurs because of an alteration in the nature of the chromophore, without any significant conformational change. We believe that a comparison of the work of Schellman and Madison (13) with our own investigations on the camphorolactams and cyclolinopeptide A allows us to draw some conclusions concerning the conformation of the cyclic nonapeptide. Inspection of the CD patterns in the three organic solvents indicates the following: The Cotton effect associated with the ni -T* transition increases in intensity as the solvent changes from hexafluoroisopropanol to trimethyl phosphate to CF8CH20H. The spectral bands in the xr -r* region are of about equal intensity in CF8CH20H and CF3CHOHCF3, while the corresponding Cotton effect has a significantly lower ellipticity in (CH3),P04. In addition, although the positions of the r -Tr* troughs are about the same in (CH3)3PO4 and CF3CH20H, the analogous spectral band is shifted about 3 nm to the blue in CF3CHOHCF3. Finally, the ellipticities of the ni rw* and r -w-* minima are about equal in (CH3)3PO4 and in CF3CH2OH, whereas the Tr -T* Cotton effect is much more intense than the ni -Tr* transition in CF3CHOHCF3.
The changes in position and ellipticity noted above cannot be explained in terms of the expected polarity effects. We realize tions from various amino acid residues. Since individual amino and imino, aromatic, and aliphatic residues may be affected differently by changes in solvent, it is possible that the spectral bands of a complex cyclic peptide will not follow the solvent trends observed by Schellman that the observed Cotton effects are the result of contribuProc. Nat. Acad. Sci. USA 68 (1971) is significantly more rigid than cyclolinopeptide A. We believe that this rigidity is in part a consequence of the four prolyl residues contained in antamanide. We observed that antamanide exists in predominantly one conformation in solution. In contrast, the linopeptide exists in more than one conformation because it is more flexible. Although it contains sterically hindering side chains derived fr6m valyl, leucyl, and isoleucyl residues, it has only two prolyl residues compared to four in antamanide. We contend that the confotmationally restricting influence of prolyl residues is substantially more limiting than that of amino acids containing bulky aliphatic side chains. It is not surprising, therefore, that we encounter more than one set of conformations for cyclolinopeptide A in solution.
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